Biocompatible hydrogels from 2-hydroxyethyl methacrylate (HEMA) monomer containing various amount of alginate in the presence and absence of hydrophilic methacrylic acid (MAA) were synthesized in order for biomedical application. The antimicrobial effect and interaction with proteins for hydrogels were investigated in this study. MAA was introduced because it was expected to increase the amount of water content in the polymer which is an important factor for biocompatibility, and alginate was expected to enhance the antimicrobial activity. The antimicrobial effect against S. aureus and E. coli increased for all hydrogels as the amount of alginate and MAA contained. Presence of MAA further enhances the antimicrobial effect. Amount of adsorption of bovine serum albumin (BSA) increased with increasing concentration of alginate whether MAA was present or not. Contrarily, the amount of lysozyme was not affected with increasing alginate concentration in the absence of MAA, while it decreased in the presence of MAA.
Introduction
The biocompatible polymeric materials play an increasingly important role in biology, medicine and pharmacy fields as promising biomaterials. [1] [2] [3] [4] [5] In particular, hydrogels occupies an important portion among biomaterials due to their hydrophilicity and ability to absorb water without losing their viscoelasticity. 6 Swelling behavior, mechanical properties, and biocompatiblility of the hydrogels should be evaluated for use of biomedical purposes. Poly(2-hydroxyethyl methacylate) (pHEMA), one of hydrogels, has variety of applications such as dental adhesives, contact lens, tissue engineering, and drug delivery system. [7] [8] [9] [10] The properties of hydrogel can be easily modulated according to comonomers and cross-linker. Co-polymerization of 2-hydroxyethyl methacylate (HEMA) with monomers capable of establishing specific ionic or hydrophilic interactions with the drug molecules has been widely used to improve the release or loading behavior. [11] [12] [13] For instance, the hydrogels containing the comonomers methacrylic acid (MAA) or NVP (N-vinyl pyrrolidone) has been shown to be capable for a large amount of water. [14] [15] [16] [17] The HEMA that has been copolymerized with anionic monomers such as MAA to introduce charged moieties in the polymeric network was found to improve the biological performance of the material. 10, 18 For that reason, HEMA-MAA hydrogels are often used for soft hydrogel contact lens.
Biocompatibility has become the central request for the medical application of various materials and devices. As one of recent instance, natural polysaccharide was reported to increase biocompatible of the polyelectrolyte hydrogel and structurally strengthen polymer by the interpenetrated macromolecular structure. [19] [20] [21] [22] Materials obtained from sea weeds were applied to improve biocompatibility. The polysaccharides isolated from sea weeds performed a role by reactive oxygen species (ROS) scavengers, and other biological activities, such as anticoagulant, antithrombotic, antitumor, anti-inflammatory, antimicrobial, and antioxidant activity. [23] [24] [25] [26] Alginic acid is an anionic polysaccharide from brown algae. Amphiphilic derivatives of sodium alginate, prepared by chemical covalent binding of long alkyl chains onto the polysaccharide backbone via ester functions, form strong hydrogels in aqueous solutions. The alginate hydrogels have been proved to have a wide variety of applicability as biomaterials. Alginate has been widely used also for cell immobilization and encapsulation, owing to its biocompatibility and simple gelation with divalent cations such as Ca
2+
. Alginate hydrogels have been used as footholds for tissue engineering, as delivery vehicles for drugs, and as model extracellular matrices for basic biological studies. 27 Biofilms are collections of microorganisms encased in a matrix that is often composed of both bacterial and host materials. They form on natural surfaces such as heart valves or abiotic surfaces such as contact lenses or intraocular lenses.
28 Until now, hydrogel biofilm containing alginate was not applied in contact lenses. For improving biocompatible biofilm and applying contact lens, we investigated the antimicrobial properties of hydrogel materials which have been surface modified by impregnation with alginate to biological activities, yielding candidate anti-infective hydrogel.
Materials and Methods
Materials. 2-Hydroxyethyl methacrylate (HEMA), meth-acrylic acid (MAA), and ethylene glycol dimethacrylate (EGDMA) were purchased from Sigma-Aldrich Chemicals Co. Monomers were used without further purification. 2-2'-azobisisobutyronitrile (AIBN) for initiator was obtained from Junsei Chemical Co. Alginic acid sodium salt was obtained from Sigma-Aldrich Chemicals Co. Protein, bovine serum albumin (BSA) and lysozyme from chicken eggwhite were obtained from Sigma Co for adsorption experiment. For antimicrobial effects, Staphyloccus aureus (S. aureus, ATCC 10537), Escherichia coli (E. coli, ATCC 47076) were purchased from Korean Culture Center of Microorganisms. The structures of the monomers and alginate are shown in Figure 1 .
Hydrogels Synthesis. The hydrogels were synthesized by copolymerizing HEMA and MAA monomers in the presence of alginate solutions. The final concentrations of the EGDMA crosslinker and AIBN initiator were 0.3% v/v, 0.1% v/v relative to HEMA, respectively. HEMA is the main composition of hydrogels. In order to estimate biological properties with respect to water content, the amounts of alginate were controlled 0-2% v/v in the absence or presence MAA. The compositions of hydrogels are summarized in Table 1 . The mixed solutions were poured onto molds comprising two glasses plate covered internally with polypropylene sheets. The two glasses were separated by a 1 mm thick silicone frame. The samples were then placed in an oven at 60 o C for overnight (16 hr) and then heated at 80 o C for additional 1hr. After polymerization, each hydrogel biofilm was immersed in hot distilled water for 30 min to remove unreacted monomers.
Transparency Measurement. The optical transparencies of the hydrogels were measured using a spectrophotometer (Cary 100) in the wavelength range of 250-750 nm. The biofilms were immersed in 0.9% NaCl solution for 24 hr and inserted between two quartz slides for measurement. All transparencies were measured at room temperature.
The Equilibrium Water Content. The equilibrium water content (EWC) of the hydrogels was calculated as follows:
Where W swell denotes swollen sample weight of the hydrogel which was swelled in a 0.9% NaCl solution at room temperature for 24 hr. W dry represents dried sample weight. Dried sample was obtained by drying the hydrogel for overnight at 100 o C. Antimicrobial Activity. The antibacterial effect of HEMA hydrogel containing alginate was determined using Staphylococcus aureus (S. aureus) for gram-positive, and Escherichia coli (E. coli) for gram-negative. The preculture of cell was grown routinely in Luria-Bertani (LB) media in aerobic conditions at 37 o C, 180 rpm. 0.5 uL of precultured solution was diluted to 5 mL LB media into which two discs (0.3 g) of biofilm was soaked. The antibacterial effect was tested using a spectrometer after 3, 12, 24, 36, and 48 hr. The optical densities were measured with time for 2 days at 600 nm.
Protein Adsorption. In order to estimate the amount of attached protein (adsorbed or covalently attached), the two discs (0.3 g) of hydrogels were soaked in phosphatebuffered saline (PBS, pH 7.4) for 4 hr. Then the hydrogels were immersed either in 3 mL of 3.88 g/L BSA, or in 1.2 g/L lysozyme solutions for 24 hr. The concentrations of the proteins were measured by spectrophotometer at 280 nm using the following extinction coefficients: ε 280nm = 0.67 cm
−1 for 1 mg/mL BSA and lysozyme, respectively. The equilibrium protein adsorption amount was determined according to follows;
Where Q e (mg/g) is amount of protein adsorbed, and V (mL) is the volume of the solution. C 0 (mg/mL) represents the initial concentration of protein in the solution and C e (mg/ mL) is the equilibrium concentration of protein. m (g) denotes the mass of hydrogels.
Results and Discussion
Optical Transparency. Transparency is essential property for optical hydrogel. Effect of alginate on the transparency of biofilm to which alginate was introduced to enhance the capacity as the biomaterial of contact lens was investigated. The transparency of the samples S1, S5 and S8 are shown as the examples in Figure 2 . In S1, only HEMA is present while S5 contains 5% MAA and S5 contains additional 2% alginate to HEMA-MAA. S1 showed approximately 90% transparency which decreases somewhat when MAA was contained. Addition of alginate resulted in further 10% decrease in the transparency being about 80% in all range. In the UV-C region, the transparency was in the range of 40%, 50% and 60% for S1, S5 and S8, respectively. The transparency of HEMA increased in the presence of MAA compared to its absence. The presence of alginate resulted in an additional increase in the UV-C region. Overall, the transparencies of the biofilms synthesized in this study were in the acceptable range for usage of contact lens.
The Equilibrium Water Contents. pHEMA is a stable hydrogel polymer. The amount of water that contained in a hydrogel may be affected by temperature, pH, and tonicity (osmolality or salt concentration). Water content has been known to affects the density, refractive index and permeability of oxygen. Higher the water contents, decreased density and refractive index, while better the permeability of oxygen.
29 Thus, the water content is an important property as a biomaterial for contact lens. The water content of hydrogel depends on the nature of hydrophilic and hydrophobic functional groups of the monomer and the state of crosslink in the polymer. [29] [30] [31] In this study, pHEMA was synthesized from HEMA. In the pHEMA, either MAA which increases the efficiency of water adsorption, or alginate extracted from sea weeds, or both were interpenetrated in order to enhance biocompatibility with various desirable abilities. The content of water depending on the MAA and/or alginate are summarized in Table 1 . The water content of the S1 which is pHEMA was 38% in accordance with general known values. The content of water showed tendency to decrease with increasing amount of alginate in the absent of MAA (S2-S4). In the presence of MAA, the amounts of contained water were ~50% as it was expected. However, similarly in the case of absence of MAA, increasing amount of alginate resulted in decreases in the water content (S5-S8). The reason for decreasing water content may be the replacement of water molecule in the chain entanglements and the chains loop, which formed when the formation of the polymer, by alginate.
Adsorption Protein. Adsorption of protein on the soft hydrogel contact lens is an important problem. The proteins in the tears that can absorb on the surface of lens become the reason for deemed sight, putrefaction of lens, and itching. Therefore, the relationship of the quality of hydrogel and protein adsorption has been widely studied. Amount of protein adsorption is affected by type and concentration of hydrogel and protein, and pH of the media. Nature of binding, i.e., hydrogen bond, hydrophobic bond, hydrophilic bond, and electrostatic attraction affect the adsorption of protein. [32] [33] [34] [35] The protein adsorption causes the attachment of bacterium on the hydrogel lowing its quality. The relationship between the protein adsorption and bacteria adhesion, therefore, has been also widely studied. [36] [37] [38] [39] For this reason, amount of protein that adsorbed to contact lens hydrogel was measured in this study using representative proteins namely, BSA and lysozyme. The extent of protein adsorption to pHEMA with respect to the amount of alginate in the presence of an anionic hydrophilic monomer, MAA, and its absence were measured and the results are shown in Figure  3 . The amount of BSA adsorbed to hydrogel was, in general, small being less than 5 mg/g. In comparison of S1-S4 with S5-S8, the presence of MAA causes the somewhat less amount of adsorbed BSA. On the other hand, alginate a little enhances the noticeable amount of adsorbed BSA. The latter observation is in accordance with the report 22 in the biomedical application of poly(HEMA-co-METAC)/alginate hydrogel. The amount of adsorption of lysozyme to hydrogel differs in large extent compared to BSA. In particular, large difference was noticed between the presence and absence of MAA. In the absence of MAA, the amount of lysozyme was similar to that of BSA, while surprisingly large amount of lysozyme was adsorbed in the presence. The presence of MAA caused the 4-10 times more lysozyme adsorption compared to BSA. It was also observed that increasing in the alginate amount did not enhanced extent of lysozyme adsorption in the absence of MAA. In contrast, alginate decreases the lysozyme adsorption in the presence of MAA. It is a general tendency that the increase in the hydrophilic monomer in the polymer results in a decreased protein adsorption. In other word, the high water content material exhibited less protein decomposition compared to low water content material. 34, 40 Water absorbance dependent protein deposition on hydrogel is caused by complex interactions between hydrogel, water, and protein. One of the important factors to be considered is the size and charge of hydrogel and the protein. In this study, lysozyme was shown to be easily adsorbed on the hydrogel containing hydrophilic monomer, MAA. The reason for easy adsorption is the electrostatic attraction and size of protein. Lysozyme bore a net positive charge at neutral pH due to its high isoelectric point (pI, 10.8). The negative charges on carboxyl group of MAA will easily attract the positive charges of lysozyme. In addition, small size of lysozyme allows easy insertion of the protein between the stems of the hydrogel polymer.
41-45
There were strong interactions between lysozyme and monomer MAA, electrostatic interaction and hydrogen bonding, the lysozyme molecule-surface imprinting was successfully realized. 46 The HEMA/MAA hydrogel have very high binding affinity for lysozyme.
The Antimicrobial Effect. The eyes require proper physiological moiety and temperature for normal functioning. They are sensitive for the stimuli from outside and are exposed to pathogenic bacterium. For these reasons, the cornea and cornea epithelial cell are easily damaged. The bacterial conjunctivitis also occurs frequently. The hydrogel contain high antimicrobial activity is obtain low absorbance value, however low antimicrobial activity of the hydrogels has high absorbance. According to the increasing bacteria number, absorbance has lower. The absorbance is significantly associated with antibacterial activity. We used two the bacterias, S. aureus and E. coli for antimicrobial activities in this study. The origin of these damage is the common bacterium including, S. aureus, P. aeruginosa, and E. coli. 47, 48 For this reason, the antimicrobial activities of the hydrogel, to which various amounts of alginate and/or MAA were introduced, with respect to S. aureus and E. coli were investigated. The antimicrobial activities against S. aureus and E. coli were tested by observation of the cell growth in the absence and presence of various amount of alginate after two days of incubation. Figure 4 and 5 show the absorbance of the cells at 660 nm after two days of incubation in the presence of various concentrations of alginate and MAA for S. aureus and E. coli, respectively. The speed of growth of both cell decreased with increasing alginate. The speeds are also different by the presence of MAA, which is a negatively charged ion. The population of S. aureus in the presence of hydrogel without MAA (S1-S4) decreased by 18% after 36 hr, and 12% after 48 hr. Whereas, in the presence of MAA containing hydrogel, the decreases were 43% 36 hr after and 65% after 48 hr. Particularly, decrease in absorbance of S8 which contains MAA and 2% alginate was 83% compared to that in the absence of MAA and alginate. In the case of E. coli, decreases in absorbance were 40% (48 hr) and 34% (36 hr) in the absence of MAA. The presence of MAA resulted in 37% (48 hr) and 27% (36 hr) decrease in cell population. These results clearly indicated that the inhibition hydrogel of cell growth differs cell by cell. The efficiency of inhibition of the S. aureus growth by hydrogel was far more significant in the presence of MAA compared to its absence and showed the tendency of more effective inhibition with increasing alginate concentration. Increasing the alginate concentration induces more effective antimicrobial activity. The effect of MAA was far less important in the inhibition of the E. coli growth by hydrogel. It was reported that the inhibition of cell growth by HEMA alone was more effective than that in the presence of MAA in the Staphylococcus epidermidis or Pseudomonas aeruginosa strains case, [49] [50] [51] and HEMA alone adsorbed on the lens surface more effectively that HEMA plus MAA. However, base on the observation made in this study that the antibacterial activity increased when MAA was present, and furthermore, more alginate resulted in a lower absorbance, it is conceivable that decrease in absorbance is a result of increased antimicrobial effect by alginate rather than increasing of bacterial population that were attached. In summary, antibacterial effect of pHEMA increased in the presence of alginate. The introduction of anionic MAA inducing higher water content resulted in more enhanced antibacterial effect.
Conclusion
In this study, biocompatible, nontoxic, flexible polymer, pHEMA containing MAA and/or alginate were synthesized. The effect of introduced MAA and/or alginate on the antimicrobial activity and protein adsorption were also investigated. Adsorption of BSA protein is more effective with increasing amount of alginate disregarding in the presence of MAA. However, the presence of MAA enhanced the lysozyme adsorption in addition to the enhancement by alginate. Increasing the alginate concentration induces more effective antimicrobial effect. The presence of MAA further enhances the antibacterial effect. PHEMA-MAA/alginates are a promising candidate for good ocular biomaterials and contact lenses.
